We have systematically investigated the phase diagram of clay particles in water to understand the relation between the local and macroscopic properties and the structures of clay suspensions. We focused, in particular, on sodium Cloisite (CNa) particles at concentrations typically used in nanocomposites (concentrations from 1 to 4 wt %) and at an extended range of ionic strengths (10 -5 to 10 -2 M NaCl). The suspensions have been characterized using rheology and a combination of scattering techniques (neutrons, X-rays, and light). We demonstrate the existence of a liquid cluster phase at low clay and intermediate salt concentrations and provide new insight into the nature of the solidlike dispersions at low and high ionic strengths.
Introduction
Recent advances in the description and understanding of aggregation, gelation, and glass formation have led to a wealth of new information in the general area of dynamical arrest and viscoelastic phase separation. [1] [2] [3] [4] Phase transitions involving, for example, purely repulsive or strongly attractive interactions are now well established for charged spherical particles (silica, latex). 5, 6 Moreover, new equilibrium cluster phases have been discovered for colloidal suspensions and protein solutions, where the particles interact via a combination of short-range attractive and long-range repulsive forces. 7 This is not the case for charged anisotropic colloids, for example, disclike clay particles, where the status of the state diagram is still under considerable debate in the literature. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The gelation of dispersions of clay particles is both industrially important and of theoretical interest. Clay gels have applications in drilling fluids, paints, ceramic additives, and in cosmetic and pharmaceutical formulations. Over more than 50 years, various gelation mechanisms and suspension structures have been proposed for clays. Van Olphen proposed that clay dispersions may form three-dimensional, aggregated structures, a so-called "house of cards". 21, 22 This structure was believed to come from electrostatic attraction between oppositely charged double layers at the edges and faces of the particles as a result of the different chemical composition of the face and edge surfaces. The face has a constant negative charge due to substitution within the clay lattice. The edges are like oxide surfaces; therefore, they may be positively or negatively charged depending on the pH of the dispersion.
Most recent studies of clay gel structures have been carried out using commercially available synthetic samples of Laponite, which consists of disclike particles with a thickness of 1 nm and an average diameter of ∼30 nm. Laponite is a three-layer clay composed of a central octahedrally coordinated magnesiumoxygen-hydroxide sheet sandwiched between two tetrahedrally coordinated silica-oxygen sheets. Isomorphic substitutions of the divalent magnesium atoms by monovalent lithium lead to the formation of negative charges within the lattice, which is balanced by the sodium ions located at the surface.
Small-angle X-ray scattering (SAXS), [23] [24] [25] [26] small-angle neutron scattering (SANS), [27] [28] [29] [30] static and dynamic light scattering (SLS  and DLS), 8,11,31-38 rheology, 18,30,32,39,40 scanning and transmission  electron microscopy (SEM and TEM) , 41 and nuclear magnetic resonance (NMR) 42 have been applied to clay suspensions to investigate Van Olphen's house-of-cards structure in Laponite dispersions.
An alternative structure to the house-of-cards structure discussed above has been proposed to account for gelation in clay dispersions at low ionic strengths. Norrish found evidence for regular spacing between clay particles in concentrated dispersions. 43 The distance between the particles, determined by X-ray diffraction, increased with decreasing electrolyte concentration. Norrish proposed that solidification could result from electrical double-layer repulsion between clay particles, leading to the formation of a Wigner glass. Further evidence for such a Wigner glass at low electrolyte concentrations came from the rheological measurements of Rand et al. 44 and from many other experiments. 10, 13, 25, 45 By contrast, it has recently been hypothesized that Laponite suspensions could behave like an attractive glass. 17 A comprehensive discussion of different possible glassy states in Laponite suspensions, including comparison with experimental data, was recently given by Mongondry et al. 46 and Tanaka et al. 15, 17 The majority of clay gelation studies have been done with Laponite suspensions due to their relatively high longitudinal monodispersity in comparison with natural clays. However, direct observation of Laponite with atomic force microscopy (AFM) or electron microscopy (EM) shows that Laponite exhibits a considerable polydispersity. [47] [48] [49] At the same time, Laponite is chemically unstable at pH <10. Contrary to Laponite, the commercially available natural clay montmorillonite is stable even at very low pH, which allows one to study montmorillonite in a wide range of pHs and ionic strengths. Montmorillonite particles have aspect ratios of the order 100:1, which is much higher than those for Laponite, and therefore the edge area for montmorillonite is typically a very small proportion (<1%) of the total surface area of the particles. The edge surface area is thus expected to be less important in determining the particle interactions in montmorillonite dispersions.
The present work investigates the effects of ionic strength on the structural and dynamic properties of different phases found in montmorillonite dispersions. By this means, we sought to establish whether there are one or more types of internal particle organization in montmorillonite dispersions and, in particular, to critically examine the different structures and mechanisms, such as the house-of-cards structure or Wigner or attractive glasses, proposed for the formation of solids as a function of the ionic strength. As this requires access to a very large range of length and time scales, we combined different scattering techniques and rheological measurements.
Experimental Methods
A. Materials. We used the sodium montmorillonite clay Cloisite CNa (Southern Clay Products, Inc., Gonzales, TX). The cation exchange capacity is 0.98 mequiv/g, which yields a charge density of 0.01 e/Å 2 (i.e., ∼3 × 10 4 charges per face). Cloisite CNa particles were reported to be discrete platelike crystals with a diameter of a few hundred nanometers and a thickness of 1 nm. 50 The suspensions were prepared as follows. The clay powder was slowly mixed in Milli-Q water or D 2 O at a certain mass fraction (2 and 4 wt %) and then stirred for 1 h with a magnetic stirrer. After that, mixed-bed ion exchange resin was added for 1 week to remove the excess ions. Once the resins were mixed with the suspensions, we periodically agitated the sample tube. Afterward, the dispersions were filtered through 5 μm pore size Millipore filters, which removed all the ion exchanger beads. Removing the excess salt by means of an ion exchanger leads to a decrease in the pH of the clay suspension from an initial value of pH 11 for fresh 2 wt % to a value of ∼4 in the final suspension. In the case of a 4 wt % suspension, the drift of the pH is even larger: it drifts from 12 down to 3.7. In contrast to natural suspensions, where the pH is very sensitive to salt concentration and clay content, under acidic conditions, the pH and therefore the surface charge of montmorillonite suspensions are independent of the salt and clay concentrations in the entire experimentally accessible range. Another advantage of acidic conditions is a high aggregation stability for most of the studied suspensions (except for the phase-separated samples): Cloisite samples stay for more than 1 year without any sedimentation, while the natural suspensions of Cloisite were flocculated after a maximum of a few months independently of salt and clay content.
The final dispersions were prepared by diluting the stock suspensions. For suspensions with a low concentration, we used a stock of 2 wt %, whereas for samples with a montmorillonite content above 2 wt %, a stock concentration of 4 wt % was used. A NaCl solution was then added to obtain the required salt content. The salt concentration after the ion exchange process was estimated to be as small as 10 -5 M, and the salt content indicated in the text takes into account added salt only. Finally, shortly before filling the cell, the suspensions were ultrasonicated for a few minutes at 50% amplitude with a Branson sonifier 250, while the vial was cooled in an ice bath to prevent overheating during sonication. The aging of the samples was then examined as a function of time, where the end of sonication was taken as t ) 0.
B. Methods. The phase diagram was determined by a combination of visual observations and rheological measurements. Initially, some of the samples exhibited a slow variation of the viscosity with time. Therefore, all dispersions were kept under the same conditions for 3 months before they were experimentally investigated. This time delay was chosen based on small-angle light scattering data which show no evolution in time after 2 months.
The rheological behavior of clay dispersions was studied with a MCR 300 rheometer (Paar Physica) in a temperature-controlled narrow-gap Mooney-Ewart geometry. Measurements of the storage (G′) and loss (G′′) moduli were performed in an angular frequency range of 10 -1 < ω < 10 2 rad/s. All tests were done at 25°C.
The small-angle neutron scattering experiments were carried out using the SANS I instrument at the Paul Scherrer Institute (PSI) in Villigen, Switzerland. Samples were inserted into circular quartz cells from Helma with a path length of 2 mm, and a thermostated sample holder was used. The combination of different wavelengths (0.8 and 1.267 nm), sample-to-detector distances (4.5-20 m), and collimation lengths (4.5-18 m) resulted in a q-range of 0.007-1.5 nm -1 . The raw data were corrected for background from the solvent, sample cell, and electronic noise by conventional procedures. 51 Furthermore, the two-dimensional isotropic scattering spectra were azimuthally averaged, converted to absolute scale, and corrected for detector efficiency by dividing with the incoherent scattering spectra of a water standard. 52 Small-angle light scattering (SALS) experiments were carried out using a home-built instrument similar to one described in detail elsewhere. 53 A linearly polarized He-Ne laser (Melles Griot) of 2 mW output power operating at a wavelength of 632.8 nm was used as the light source. The beam was expanded to a diameter of 9 mm using a beam expander to match the speckle size and the pixel size of the CCD camera. The collimated beam was directed onto the sample contained in a rectangular cuvette (Hellma) with a path length of 1-2 mm. The transmitted light as well as the scattered light was collected by a Fourier lens of 100 mm focal length in whose focal plane a beam stop of 1 mm diameter was placed to block the transmitted beam. A second lens collected the scattered light around the beam stop and imaged it onto the detector with a unit magnification. With this scheme, each CCD pixel corresponds to a different scattering vector q and scattering vectors of the same magnitude are mapped to the pixels lying on a circle centered about the optic axis. The CCD detector used is a 10-bit digital camera (Pulnix TM1300) with a 1360 × 1034 pixel sensor, with each pixel being 6.7 × 6.7 μm 2 . The maximum speed of the camera is 12 frames/s. The digitized images were acquired using a frame grabber (Matrox Meteor II/Digital) and processed using a PC. The angular range accessible with this instrument is between 0.09°and 5°, which corresponds to a scattering vector range of 2 × 10 -5 < q < 1.2 × 10 -3 nm -1 . To obtain the scattered intensity I(q), the CCD output was averaged over rings of pixels centered about the optical axis and the measurements were corrected for the contribution from the CCD dark noise and the stray light.
Environmental scanning electron microscopy (ESEM), providing a controlled humidity sample environment by means of a specially designed cooling stage, was performed on a Phillips XL30 FEG instrument operating in ESEM mode. A brief overview of the applications of ESEM to colloids can be found in ref 54. The moisture content of the clay dispersion was adjusted to a desired humidity by a built-in cooling stage in the ESEM chamber. All images were obtained at 4°C, and the pressure was altered to 3 Torr to maintain humidities around 80%. appearance of liquid-and solidlike states as a function of ionic strength and clay concentration. It is important to point out that the data shown in Figure 1 represent a "state" diagram with regions that do not correspond to equilibrium but rather to nonequilibrium solid states such as glasses and/or gels.
Results

A. State Diagram Based on
Three distinct regions are observed: (1) The majority of samples investigated exhibit solidlike properties (circles); that is, these samples possess measurable bulk elasticity. (2) At intermediate salt and low particle concentrations, we observe typical liquidlike behavior (squares), with a viscosity comparable to that of pure water. (3) At high salt and low and intermediate particle concentrations (triangles), we finally observe flocculation and macroscopic phase separation. The distinction between liquidand solidlike behavior is, in general, easily made for most of the samples investigated. However, at low clay concentrations, neither simple visual inspection nor dynamic light scattering (DLS) is able to provide any evidence for the dynamical arrest transition indicated in Figure 1 . All samples investigated in this region of the state diagram appear to be completely ergodic on the length and time scales accessible in DLS. It is only from rheological measurements that we are able to draw the part of the solidliquid state (or glass) boundary found at salt concentrations between 10 -5 and 10 -4 M NaCl and at clay concentrations below 2 wt %. This is illustrated in Figure 2 , where we plot some examples of the shear rate dependence of the viscosity and the frequency-dependent loss and storage moduli obtained for c ) 1 wt % and increasing salt concentration. All rheological results are fully reproducible.
This figure clearly demonstrates the existence of a re-entrant solid formation or dynamical arrest as a function of increasing salt concentration for a clay concentration of 1 wt %. At an intermediate ionic strength of 10 -4 M NaCl, we find that the flow curve exhibits a plateau viscosity at low shear rates, before shear thinning can be observed at higher shear rates as shown in Figure 2a . Owing to the small particle size, Brownian motion is very effective in keeping the system close to equilibrium, and we have to apply rather large shear rates before shear thinning sets in. At low ionic strength, that is, in the completely deionized state, the situation completely changes. No Newtonian plateau can be found in the experimentally accessible range of shear values, and the sample exhibits the shear-thinning behavior shown in Figure 2a with η ∝ γ -1 over more than five decades in γ, similar to what has been observed previously in colloidal suspensions exhibiting solidlike behavior. 57 Applying a steady shear to these solidlike samples causes the configuration of the platelets to yield; this yielding results in the shear-thinning behavior shown in Figure 2a . A similar behavior is again found at higher salt concentrations, where, once again, a solidlike state with a finite dynamical yield stress value and shear thinning with η ∝ γ -1 over more than five decades in γ can be observed. These findings are supported by frequency-dependent oscillatory measurements as shown in Figure 2b . For the dynamically arrested samples at low and high ionic strengths, the small-amplitude dynamic response (Figure 2b ) exhibits solidlike behavior with a storage modulus G′(ω) that exceeds the loss modulus G′′(ω) over the measured range of angular frequency (ω). For the liquid state at 10 -4 M NaCl, we observe typical liquidlike behavior, where G′′(ω) increases linearly with ω and G′(ω) is too small to be measured.
It is noteworthy that the frequency-dependent response of the solidlike samples exhibits distinct differences. For the solidlike sample at high ionic strength, G′(ω) is significantly higher than that for the solidlike sample at low ionic strength. Moreover, G′(ω) remains nearly frequency-independent for the sample at 10 -2 M NaCl, while we find that G′(ω) slowly decreases with decreasing ω for the sample at 10 -5 M NaCl.
These findings seemingly indicate a change in the origin of the stress-bearing properties depending on whether the solid is formed at low or high ionic strength.
This first series of experiments thus indicates a state diagram of Cloisite in water that exhibits a relatively small region of liquidlike behavior at intermediate salt and low clay concentrations. The liquid region becomes narrower at higher clay concentrations and finally disappears for c ≈ 2.0 wt %. At a high salt content above approximately 0.01-0.1 Μ NaCl, Cloisite appears to be unstable, and flocculation and macroscopic phase separation can be observed. The line separating the phase separation regime from the macroscopically homogeneous solidlike region appears to depend on clay concentration and moves to higher ionic strength for larger c-values. The state diagram shown in Figure 1 is comparable to the schematic phase diagram of Laponite published by Tanaka and collaborators, 17 where they postulated the existence of three different types of solidlike amorphous phases. They described a state diagram with a repulsive glass at low ionic strength, an attractive glass at intermediate strength, and a gel phase at high ionic strength, separated by a liquid region at a low Laponite concentration. In addition, they also postulated the existence of a region of phase separation at high ionic strength. However, it is clear that our macroscopic investigations do not allow us to conclude on the natures and the underlying structures of the different states. Therefore, we also performed a series of scattering experiments where we combined small-angle light and neutron scattering to cover the required extremely large range of characteristic length scales.
B. Small-Angle Neutron Scattering. Suspensions of montmorillonite at different concentrations and salt content were investigated with SANS. We measured samples from all the different regions in the state diagram, indicated as solid points in Figure 1 . The scattering data from these montmorillonite dispersions with different salt concentrations are shown in Figure  3 . At first, all these curves look disappointingly similar, despite the fact that they were obtained with samples that exhibit very different dynamic properties. However, a closer look at the data reveals small but significant differences that can be used to help understand the underlying structures of the liquid-and solidlike dispersions. This is best illustrated with a comparison of the data to the theoretical scattering curves from isolated and fully exfoliated clay particles. These scattering curves were calculated assuming randomly oriented polydisperse discs with a mean radius of 100 nm and a thickness of 1 nm.
We first look at the data obtained with the liquidlike sample, that is, a clay suspension with 1 wt % clay particles and 10 -3 M NaCl (Figure 3a) . Here, we could expect good agreement between the data and the theoretical form factor for individual clay particles. At high q-values, the agreement is indeed quantitative, indicating that the suspension contains fully exfoliated clay particles. However, at low values of q, we see a clear disagreement, and the data do not exhibit the typical crossover from the q -2 behavior for thin discs to the Guinier regime expected for particles with an average radius of 100 nm. Instead, we observe a crossover to another power law regime, where the scattering intensity is proportional to q -2.6 . This is a clear sign that the individual clay particles are not isolated but are part of much larger clusters or aggregates with at least a locally fractal structure. We are thus confronted with a situation where the individual clay particles form clusters immediately after sonication, with a relatively dense but fractal-like structure. The average size of these clusters cannot be determined with SANS, as there is no sign of a crossover to a Guinier regime in the accessible range of scattering vectors. Nevertheless, it is clear that these cluster structures are much larger than the average size of the clay discs obtained from cryo-TEM experiments on the same clay particles. 58 Moreover, additional dynamic and static light scattering experiments with much more diluted samples (c 
At higher clay concentrations, the samples with a salt concentration of 10 -3 M NaCl are now in the solid region of the state diagram. This dramatic change in the dynamic properties of the samples is not reflected in the SANS data, indicating that the dynamic arrest that occurs at increasing particle concentrations is not accompanied by any dramatic variation in the local particle structure. This lack of a structural change upon the dynamic arrest transition that can be observed in these suspensions also becomes evident at the lowest ionic strength investigated ( Figure  3b ). All fully deionized samples investigated exhibit solidlike dynamic behavior, yet at first sight, we again observe no difference compared to the data measured in the liquid sample. In all of these samples, we find evidence for fully exfoliated clay discs that aggregate to large clusters with a rather dense fractal structure characterized by a fractal dimension of ∼2.6.
However, the situation changes at a higher ionic strength, as demonstrated by the data shown in Figure 3c and d. Here, we look either at solidlike structures at all concentrations for an ionic strength of 10 -2 M NaCl (Figure 3c ) or at a transition from flocculation and phase separation for 1 wt % clay to dynamically arrested systems at higher clay concentrations for an ionic strength of 0.1 M NaCl (Figure 3d ). At first, all the data sets look very similar again. However, a comparison with the theoretical form factor for isolated clay particles clearly indicates that we no longer have clusters of fully exfoliated discs but rather of stacks. The fractal structure is still present, as seen from the power law dependence of the scattering data at q e 0.1 nm -1 , but the building blocks are no longer single discs but rather entire stacks of discs. Fitting the SANS data using a model of stacks of discs 59 gives a small number of 5 or 6 discs per stack with a high stacking disorder, that is, a significant variation of the interlayer distances. The agreement between this model and the experimental data is also indicated in Figure 3c and d. This ability of our suspensions to form different building blocks depending on ionic strength provides additional evidence that we are indeed able to fully disperse our clay particles by sonication and that the structures subsequently formed are equilibrium by nature.
There still remains a signature in the scattering data that we have not yet discussed. As seen in Figure 3a and b, the data at low ionic strength exhibit a weak shoulder at a q-value of ∼0.07-0.1 nm -1 . This is the result of an underlying peak in the structure factor arising from local positional correlations between the individual clay particles in the clusters. This peak becomes much more visible when calculating an effective structure factor defined as S eff ) I(q)/P(q), where I(q) is the scattered intensity and P(q) is the theoretical form factor of an individual disc with a radius of 100 nm and a thickness of 1 nm. The corresponding curves are shown in Figure 4 , and we observe clearly visible peaks for higher clay concentrations of 2 and 4 wt %, which are completely absent at the lowest concentrations investigated. It is interesting to note that the peak position seems to depend on the clay concentration and not on the ionic strength. The ionic strength appears to influence the peak height, that is, the degree of correlation, but not the characteristic length scale of the structural correlations. A qualitative estimate of this characteristic distance using d ≈ 2π/q*, where q* is the position of the peak in the effective structure factor, yields values of about 100 nm at c ) 2 wt % and 70 nm at c ) 4 wt %. However, it is important to point out that the experimentally observed effective structure factors S eff (q) are the result of a convolution of the "real" structure factor S(q) with the instrument resolution function; that is, S eff (q) is strongly smeared and we can expect the actual peaks in S(q) to be much more pronounced and significantly narrower. However, due to the lack of an appropriate model for S(q), we have not attempted to perform a deconvolution of S eff (q).
Summarizing the SANS data obtained with samples from the different regions of the state diagram in Figure 1 , we observe full exfoliation of the clay particles at low salt concentrations (I 0 e 10 -3 M only). However, these discs are not suspended as individual particles, but they form large clusters or systemspanning networks with a rather dense fractal structure described by a fractal exponent of d F ≈ 2.6. These clusters then form either a solidlike or liquidlike suspension, depending upon both the clay and salt concentrations. Moreover, the individual platelets in the clusters are not arranged in a completely random fashion but exhibit structural correlations over a characteristic distance of ∼70-100 nm, depending upon the clay concentration. At higher salt concentrations, the particles are no longer fully exfoliated but are present as stacks that now form the building blocks of the fractal clusters or system-spanning networks still present at all concentrations. However, from these experiments, it has also become clear that, due to the restricted accessible length scales, SANS does not allow us to distinguish between the two distinct solid states of the system. We have therefore conducted a series of small-angle light scattering (SALS) experiments with the same samples at 1 and 2 wt % clay concentrations that have already been investigated with SANS.
C. Small-Angle Light Scattering. Small-angle light scattering data from montmorillonite dispersions at 1 and 2 wt % and a salt content varying from 10 -5 to 0.1 M are plotted in Figure 5 . Particular care has been taken to measure all samples at the same aging time of 3 months after the preparation of the dispersions. At the very large length scales accessible with SALS, we now observe distinctly different features for the different samples. At the lowest salt concentration of 10 -5 M NaCl and at a Cloisite concentration of 1 wt %, the sample is in a dynamically arrested state. Here, the SALS data exhibit a clear plateau that appears to cross over to the asymptotic power law dependence at higher q-values and an upturn at low q-values that indicates the existence of large-scale inhomogeneities. A similar behavior can also be seen for the liquidlike samples at 10 -4 and 10 -3 M NaCl. While the characteristic shape and thus the cluster size for 10 -4 M are quite similar to those for the solidlike sample at 10 -5 M, the plateau is, however, shifted to lower values of q for the higher salt concentration, and there is only a weak upturn visible at low q-values. The combination of SANS and SALS now allows us to draw some more quantitative conclusions about the structures of the liquid-and solidlike dispersions at low ionic strength. In all these samples, we observe fractal clusters of individual clay platelets, and the cluster size appears to increase with increasing salt concentration. We can try to estimate the average cluster size by applying a form factor for fractal clusters frequently used to analyze data obtained for aggregates that form in reaction-or diffusion-limited cluster growth, the so-called Fisher-Burford equation, where R G is the radius of gyration of the scatterer. This equation generalizes the Guinier form to fractal objects and is often used for describing the scattering from fractal gels or clusters. [60] [61] [62] In analyzing the data, we fixed the value of d F ≈ 2.5, in agreement with the power law regime of the SANS data, while I(0) and R G were varied in the fitting procedure. This procedure yields a value of R G ∼ 400-600 nm for both the dynamically arrested sample at low ionic strength and the liquidlike sample close to the dynamical arrest line at 10 -4 M NaCl. For 10 -3 M NaCl, we find the radius of gyration to dramatically increase to R G ∼ 3 μm. It is clear that this data evaluation is rather qualitative, as we completely neglect possible influences from intercluster interactions, which we know to be present due to the arrest transition that occurs for salt concentrations below 10 -4 M NaCl. Moreover, the data from the liquidlike sample exhibit a possible weak "correlation hole" followed by a weak interaction peak at low q-values, once again showing the importance of intercluster interaction effects in any attempt to quantitatively analyze these data. Nevertheless, we believe that, due to the large polydispersity in this system, the crossover to the power-law regime gives at least a semiquantitative estimate of the characteristic length scale of the clusters that form under these conditions. At a high ionic strength, the appearance of the data once again changes. We now observe a well-defined, broad peak at low q-values, whose position moves to larger q-values with increasing salt concentrations. It is interesting to note that a qualitatively similar behavior can be observed both for the high ionic strength solid and for the phaseseparated samples in the initial period of phase separation.
The data obtained with the same ionic strength values but with a higher clay concentration of 2 wt % are reported in Figure 5b . All these samples are now in the solid region of the state diagram. However, both the SANS data reported in Figures 3 and 4 and the SALS data in Figure 5b exhibit small but characteristic differences. The data for the lowest salt concentrations of 10 -5 and 10 -4 M NaCl are consistent with a solid formed by clusters of individual clay particles, where the clusters possess a quite pronounced local order and a rather dense fractal structure. Obviously, these clusters are rather polydisperse, as they do not induce strong positional correlations found in other cluster fluids at low ionic strength, 7 and the resulting cluster solid seems to have large-scale inhomogeneities, as evidenced by the upturn of the intensity at low q-values.
At 10 -3 M NaCl, the solid is still made of individual and fully exfoliated clay particles with a weak local order. However, the fractal region now extends far into the SALS regime, and there is only a very faint indication of a Guinier regime of individual clusters, immediately followed by another pronounced upturn at low q-values. Finally, for the highest two salt concentrations of 10 -2 and 10 -1 M NaCl, the individual clay particles have lost their local order and are no longer fully exfoliated, but they form a fractal structure based on percolated stacks of clay particles. 
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The fractal structure also extends far into the SALS regime, and there is an indication of a weak peak at low values of q, but the position is at the lower limit of the SALS instrument.
The formation of large concentrated domains at high particle and salt concentrations is also demonstrated in Figure 6 , where we show results from environmental scanning electron microscopy (ESEM) of a sample with an initial clay concentration of 2 wt % and a salt concentration of 10 -3 M NaCl. ESEM differs from conventional SEM as the sample is not viewed under high vacuum and, consequently, drastic drying of the sample is avoided. However, some water evaporation of the clay dispersion still occurs, and the sample composition, therefore, is shifted to the upper-right part of the phase diagram. While we can only estimate the final clay concentration to be ∼4-5 wt %, this technique nevertheless provides unique direct qualitative information on the undistorted colloidal superstructure. The ESEM images reveal a montmorillonite suspension texture on the micrometer length scale with large clay-poor regions (dark areas), with an average size of ∼10 μm, and a network of ∼3 μm diameter clay-rich areas (bright network structures). The existence of similar microdomains in laponite suspensions was already hypothesized by Levitz et al. based on USAXS measurements. 25 
Discussion
Our investigation has provided us with detailed information on the structures of solid-and liquidlike clay dispersions as a function of ionic strength over an extended range of length scales from a fraction of a nanometer up to many micrometers using a combination of SANS and SALS. While these experiments are not able to distinguish between solid-or liquidlike behavior, they provide us with information that now allows us to propose a rather detailed model for the structures underlying the different regimes of the state diagram in Figure 1 . This model is schematically illustrated in Figure 7 .
At the lowest Cloisite concentrations and at low ionic strength, the SANS data clearly demonstrate that the individual clay particles are fully exfoliated. However, the comparison with the calculated form factor for polydisperse discs also reveals that the Cloisite particles are not individually dispersed but that they form quite extended clusters with a radius of ∼400-600 nm as seen from the combination of SANS and SALS (Figure 7a and  c) . It is obvious that the possible existence of clusters that reappear directly after sonication is not only of considerable importance in fundamental colloid physics but also of utmost importance for the use of these colloidal particles in applications such as nanocomposites.
The formation of equilibrium clusters as a result of a balance between short-range attraction and long-range repulsion has recently been described for a number of colloidal suspensions and protein solutions, and their existence has also been demonstrated by computer simulation. 7,63-69 The interplay of opposing forces, that is, the coexistence of a short-range attraction and a weakly screened and thus long-range electrostatic repulsion, provides the stabilizing mechanism for these equilibrium structures. The attractions can be seen as an effective surface tension that leads to a decrease in surface energy upon clustering and thus represents the driving force for the controlled selfassembly. At a certain cluster size, the increased Coulomb energy of the cluster compensates the gain in surface energy and hence prevents the cluster from further, unlimited growth. We can imagine that a similar mechanism is also responsible for the cluster formation observed with Cloisite at low ionic strength. At the conditions chosen, the platelet faces carry a significant number of charges. Cluster formation is therefore caused by the combination of a weakly screened Coulomb repulsion between the platelet faces that stabilizes the cluster and an attractive interaction that acts as the driving force for clustering. This attraction arises from the combined effect of an electrostatic contribution due to the oppositely charged platelet faces and edges and a strong van der Waals attraction. However, it is clear that we currently do not have a good quantitative understanding of the complex interaction potential between the clay particles and that additional investigations are required.
The pronounced correlations between the particles seen by SANS at low ionic strength and the intermediate q-values indicate ordering of the clay particles on characteristic distances of ∼70-100 nm, where the typical distance between the particles increases with decreasing Cloisite concentration. While the SANS patterns http://doc.rero.ch are distinctly different from the typical nematic pattern previously seen at higher particle concentrations for other clays, 70 they still indicate that the individual platelet faces are at least partially ordered in some sort of a house-of-cards structure that would allow minimization of the repulsive Coulomb energy. The proposed "unit cell" of such an ordered domain inside the clusters is shown in Figure 7f . The overall structure of the clusters appears to be characterized by a power law behavior of the scattered intensity over at least 2 orders of magnitude in q, indicating a rather dense but fractal-like interior structure of the clusters. A fractal exponent of 2.5 is, in fact, in agreement with random percolation, which provides a likely basis for the description of the clusters as the result of a percolated structure of partially ordered house-of-cards-type domains.
Based on the characteristic distance derived from the weak structure factor peak and using a simple house-of-cards structure for the "unit cell" inside the clusters and the average cluster radius obtained from SALS, we can try to estimate the number of particles per cluster and subsequently the effective cluster volume fraction. These numbers depend on the Cloisite concentration and on the Debye length λ D , as λ D will act as an interaction distance that will effectively increase the volume fraction of the particles and thus determine the onset of dynamical arrest. The effective volume fraction of the clusters is cl )
where V cl is the effective volume occupied by the clusters and V is the overall volume of the system. The effective total volume occupied by the clusters is where V cl is the effective volume of an individual cluster and N cl is the number of clusters in the system. The number of clusters is where N pl is the total number of platelets in the dispersion and N pl/cl is the number of platelets in an individual cluster. The number of platelets in the dispersion is given by where pl is the geometrical volume fraction of the platelets, V pl is the total volume of the platelets, and V pl is the volume of an individual platelet. With this, eq 2 then becomes
If we assume a cluster to be a cube of 600 nm length and at a characteristic distance of 100 nm between two platelet faces, this leads to a total number of 3 3 ) 27 unit cells with 4 platelets per cell. If we take into account that some of the platelets are shared by a second unit cell inside the cube, which leads to a correction factor of 3 / 4 , we then obtain a total number N pl/cl of 80 particles per cluster ( 3 / 4 × 4 × 27). The volume of an individual platelet with a radius of 100 nm and a thickness of 1 nm is V pl ) πR 2 h ) 3.14 × 10 4 nm 3 . Taking into account the effective size of the clusters l cl,eff as l cl,eff ) l cl + 2λ D ) 600 + 100 ) 700 nm, the effective volume of the individual cluster is V cl ) 4 / 3 π(l/2) 3 ) 1.8 × 10 8 nm 3 . Finally, the platelet volume fraction can be obtained for the weight concentration (2 wt %) and the known density (2.66 g/mL), which leads to pl ) 7.7 × 10 -2 . Using the proposed structure model and the estimated cluster size, eq 6 then yields an effective cluster volume fraction of ∼0.55. This is quite close to the value of the glass transition published for hard spheres and indicates that the arrested systems at low ionic strength correspond to a repulsive "Wigner glass", where the clusters act as effective hard spheres with a hard sphere radius given by the sum of the cluster radius and the Debye length.
With increasing salt concentration, the Debye length decreases, and subsequently both the packing density as well as the cluster radius and mass increase as a consequence of the reduced repulsive Coulomb energy of the clusters. This is consistent with the higher absolute neutron scattering intensity (Figure 3a-c) and the SALS data (Figure 5a ), where the Guinier regime has shifted to lower q-values. However, the decrease of λ D and the subsequent decrease in the effective cluster volume fraction still dominates, which leads to the melting of the cluster glass and the formation of a cluster fluid. At the same time, the structural correlation inside the clusters disappears, and the local structure becomes disordered (Figure 7c ). For the 1 wt % clay suspension, the transition point is very close to 10 -4 M NaCl, where we observe only minor variations in cluster size and density but dramatic changes in the rheological behavior. The liquidlike behavior does, in fact, persist up to an ionic strength close to 10 -2 M NaCl, despite the fact that the average cluster size considerably increases as a result of the modified balance between attraction and screened Coulomb repulsion. A similar behavior has, in fact, also been observed for cluster-forming protein solutions. 7 However, if, at a constant ionic strength of 10 -3 M NaCl, the Cloisite concentration now increases, the subsequent growth of the clusters becomes dominant and results once again in a liquid-solid transition. The underlying structure now corresponds to the formation of a homogeneous percolation gel (or attractive particle glass) rather than a Wigner cluster glass, as can be seen from the combination of SANS (Figure 3a) and SALS (Figure 5b) .
The situation once again changes completely if we go to even higher salt concentrations. At the lowest Cloisite concentration of 1 wt %, this then first leads to a solid formation at 10 -2 M NaCl, where the structure now corresponds to a percolation gel formed by small stacks of individual discs. This transition from a Wigner glass at 10 -5 M NaCl to a percolation gel at 10 -2 M NaCl is also supported by the dramatic change in the elastic modulus observed in Figure 2b . At a salt concentration of 0.1 M NaCl, the sample then becomes completely destabilized and we find phase separation with a flocculated, solidlike phase in the bottom phase and a dilute, liquidlike suspension in the top phase.
The scattering experiments allow us to further elucidate the underlying mechanisms and resulting structures. They were done in the initial stage of the phase separation, where the samples still look perfectly homogeneous on macroscopic length scales as monitored by visual inspection. The first obvious observation made from the SANS experiments (shown in Figure 3c and d) is the fact that the individual clay particles are no longer completely exfoliated but that they rather form small stacks of particles. On larger length scales, the overall structure still shows the signs of a dense percolated network of these stacks. However, the SALS data shown in Figure 5a reveal a distinctly different low-q-value behavior with the formation of a peak that resembles spinodal decomposition for both the solidlike and the phase separating sample. Obviously, the Coulomb repulsion is now so strongly screened that the samples become unstable and tend to aggregate and phase separate. The concentrated phase then forms a percolated network with stacks of individual Cloisite discs as the building blocks, and the top phase corresponds to a dilute cluster suspension. However, at the lower end of this aggregationphase separation regime, the larger spinodal-like structures apparently arrest, and the system forms a (transient) gel where a solidlike bicontinuous network composed of a dilute cluster phase and an arrested percolated phase exists. The extension of the transient gel increases with increasing Cloisite concentration (Figure 7) , and at the same time, the resulting domain size is much larger (Figure 5b) as dynamical arrest appears to occur earlier in the phase separation process. The existence of a connected backbone of concentrated domains is also in agreement with our ESEM observations (Figure 6 ). Such a scenario is indeed comparable to the description of viscoelastic phase separation and its competition with transient gel formation discussed in detail by Tanaka and collaborators. 71, 72 The fact that we find the coexistence of a self-similar relationship at intermediate q-values with a correlation peak at low and high q-values may, at first, look surprising. However, a situation where self-similarity and correlation effects coexist at different length scales is, in fact, very often encountered in colloidal systems and also is already very well-documented. Good examples are dilute colloidal gels formed via diffusion-limited aggregation that exhibit a correlation peak at low q-values, reflecting the cluster size that represents 
the building blocks of the gel, a self-similar cluster structure at intermediate distances, and again a monomer-monomer correlation peak at short distances. 73 A comparison between our postulated state diagram in Figure  7 and the phase diagram for Laponite previously proposed by Tanaka and collaborators indeed reveals at least a qualitative agreement. 17 While the phase diagram of Tanaka et al. was largely based on indirect evidence from a number of different sets of experimental data from the literature, we have now been able to come up with a rather detailed description of the underlying suspension structure over a very large range of length scales and for a systematic variation of clay and salt concentrations. This has also led to a modified picture for the Wigner glass and the fluid phase observed at low volume fractions and ionic strength, where the building blocks are particle clusters and not individual clay platelets. Moreover, we have also been able to demonstrate the impact of ionic strength on the local structure, where we observed a transition from ordered to randomly oriented individual platelets and finally to the formation of small stacks of discs with increasing ionic strength.
Conclusion
The question of cluster formation and dynamical arrest in clay particle suspensions is of considerable importance in fundamental colloid physics. Aqueous clay suspensions are fascinating model systems to study fundamental problems in colloid science, and they have recently attracted particular attention in the colloid community. An interesting feature of clay suspensions is the existence of interactions at different length scales combined with the anisotropic structure of the particles, which lead to a variety of structural and dynamic phenomena such as orientation, ordering, and clustering (house-of-cards-like) as a function of the particle concentration (c) and of the ionic strength (I 0 ). To understand the relationship between the local and macroscopic properties and the structures of clay suspensions, we have thus systematically investigated the phase and state diagrams of clay particles in water. We, in particular, focused on sodium Cloisite (CNa) particles at concentrations typically used in nanocomposites (concentrations from 1 to 4 wt %) and at an extended range of ionic strengths (10 -5 -10 -1 M NaCl). The suspensions have been characterized using rheology and a combination of scattering techniques (neutrons, light) that allowed us to cover an enormous range of length scales from local structural details at almost atomistic resolution to superstructures that are many micrometers in size.
The resulting state diagram has shown a close resemblance to the theoretical diagram previously postulated for Laponite suspensions. We have, in particular, been able to confirm the existence of a repulsive (Wigner) cluster glass that melts with increasing salt concentration and is finally transformed into an arrested percolated network of concentrated clay domains or a phase-separated flocculated phase at high ionic strength. At higher clay concentrations, we have been able to directly demonstrate the subtle structural changes that accompany the transition from a repulsive cluster glass at low ionic strength to an attractive glass of percolated individual clay platelets at intermediate ionic strength to a gel formed by an arrested network of percolated small stacks of clay platelets at high ionic strength. This investigation once again demonstrates the quite universal nature of the sequence of arrested states already investigated for spherical colloids. [74] [75] [76] It is clear that we still lack additional data on the evolution of the dynamic properties as a function of concentration, ionic strength, and aging time for the same system. Moreover, a comparison with detailed computer simulations would also be extremely interesting. Nevertheless, we believe that we have been able to provide further insight into the phenomenon of dynamical arrest in platelet suspensions that is both of considerable interest for the colloid community and of enormous technological importance for a wide variety of applications.
